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For passive, lossless impenetrable metasurfaces, a design technique for arbitrary beam control of receiving,
guiding, and launching is presented. Arbitrary control is enabled by a custom surface wave in an orthogonal
polarization such that its addition to the incident (input) and the desired scattered (output) fields is supported by
a reactive surface impedance everywhere on the reflecting surface. Such a custom surface wave (SW) takes the
form of an evanescent wave propagating along the surface with a spatially varying envelope. A growing SW
appears when an illuminating beam is received. The SW amplitude stays constant when power is guided along
the surface. The amplitude diminishes as a propagating wave (PW) is launched from the surface as a leaky wave.
The resulting reactive tensor impedance profile may be realized as an array of anisotropic metallic resonators
printed on a grounded dielectric substrate. Illustrative design examples of a Gaussian beam translator-reflector,
a probe-fed beam launcher, and a near-field focusing lens are provided.
I. INTRODUCTION
Comprising an electrically thin layer of subwavelength res-
onators [1], metasurfaces are capable of tailoring the char-
acteristics of propagating and evanescent waves with a sig-
nificantly reduced loss compared with traditional volumet-
ric metamaterials. In particular, gradient metasurfaces, those
with spatially varying surface parameters, have received in-
creased attention in recent years. By imparting a linearly gra-
dient discontinuity on a reflection or transmission phase, the
incident wave can be deflected anomalously upon reflection
or transmission. Since a recent formalization of the gener-
alized laws of reflection and refraction [2], a wide variety
of novel metasurface applications have been proposed and
demonstrated. Using penetrable metasurfaces, anomalous re-
fraction has been demonstrated from microwave to optical
regimes [2–6]. Introducing a proper nonlinear phase distribu-
tion leads to lenses [7–10]. Holograms are designed by locally
controlling the transmission amplitude and/or phase [11, 12].
A careful geometrical arrangement of transmission blocks
having different transmission phases can create optical vortex
beams [2, 13–16].
A variety of novel functionalities have also been demon-
strated in the reflection mode or for impenetrable meta-
surfaces. Anomalous reflection described by the general-
ized Snell’s law has been in use for reflectarray designs in
the antenna engineering community [17]. Reflection-mode
lenses [6, 18], holograms [19, 20], and optical vortex gen-
erator [21, 22] have been reported. In [23], conversion from a
plane wave into an SW was cast as a special case of anoma-
lous reflection, wherein the reflected wave vector enters the
evanescent (invisible) spectral range. This work has spurred
a strong interest in the conversion process and efficiency be-
tween propagating and evanescent waves [24–27], either in
the form of surface plasmon polariton waves at optical fre-
quencies or SWs at microwave frequencies. In addition, gradi-
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ent metasurfaces raised a renewed interest in improving tradi-
tional leaky-wave antennas based on arrays of subwavelength
printed resonators on a grounded dielectric substrate [28–31].
For nonlinear metasurfaces, design of proper phase distribu-
tions associated with a judicious choice of nonlinear meta-
atom arrangement can manipulate beams such as steering,
splitting, focusing, and vortex generation at harmonic fre-
quencies [32–35]. If the required grating period allows no
more than three propagating Floquet modes, anomalous re-
flection with nearly unitary efficiency can be realized using a
few or even a single inclusion per period, using blazed grat-
ings [36] or recent conceptualizations such as meta-gratings
[37] and agressively discretized metasurfaces [38].
Along with the designs and demonstrations of novel wave
transformations, their efficiencies started to receive attention.
Toward complete wavefront tailoring via a complete 2pi trans-
mission phase coverage, the generalized Snell’s laws were
demonstrated using cross-polarized light in [2, 3]. It was
theoretically revealed that the maximum power coupling ef-
ficiency is only 25% [7]. Utilizing a balanced pair of induced
tangential electric and magnetic dipole moments, Huygens’
metasurfaces [4, 5] can achieve polarization-preserving full
transmission with an arbitrary phase in a complete 2pi span.
At microwave frequencies, low-loss conductor trances can be
arranged to realize the electric and magnetic dipoles. In the
optical regime, a careful choice of the dimensions, shape, ma-
terial, and periodicity for an array of dielectric resonator meta-
atoms can bring the electric and magnetic dipole resonances
together [39–42]. However, requiring perfect anomalous
transmission without reflection using Huygens’ metasurfaces
results in globally lossless, but locally active or lossy, sur-
face characterizations [43]. It was found that an Ω-type bian-
isotropic metasurface is capable of achieving perfect anoma-
lous refraction without loss or reflection [44–46]. Similarly
for reflective metasurfaces, an anomalous reflector based on
the generalized Snell’s law [2] cannot perfectly reflect an in-
cident plane wave into an anomalous direction, but necessarily
entails parasitic reflections into undesired directions [46, 47].
Again, requiring that the reflected wave be a single plane wave
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2in the desired anomalous direction results in a strongly disper-
sive reflecting surface with local active-lossy characteristics.
Towards achieving perfect reflection using passive metasur-
faces, a reflector design approach based on the leaky-wave
antenna principle has been recently reported [48], where a
measured reflection power efficiency of 94% has been real-
ized using a printed patch array implementation.
For penetrable metasurfaces, a design recipe for passive,
lossless Ω-type bianisotropic metasurfaces has been intro-
duced [45, 49]. It was shown that an envisioned wave transfor-
mation is supported by a lossless Ω-type bianisotropic meta-
surface if power is locally conserved. By introducing auxil-
iary SWs for equalizing the power on both sides of the sur-
face, designs for a perfect beam split as well as anomalous
reflection and refraction have been numerically demonstrated.
The same design methodology was applied to a metasurface
over a perfect electric conductor surface for perfect anoma-
lous reflection [50]. The design philosophy has been recently
extended to lossless, impenetrable surfaces characterized by
a reactive surface impedance for perfect reflection control of
plane waves [51], where SWs of an orthogonal polarization
were chosen. Recently, a metasurface design study toward
perfect conversion between a plane wave and an SW has been
reported [52]. In [53, 54], metasurface designs for SW routing
of beams were presented for transmissive metasurfaces. Start-
ing from the generalized sheet transition conditions, spatially-
dispersive susceptibilities of the metasurface were specified in
terms of the desired field discontinuities. However, such meta-
surface designs have spatially varying surface parameters with
alternately active and lossy properties, posing a challenge for
realization.
This paper presents a design technique for passive, lossless
impenetrable metasurfaces for perfect beam manipulation. It
relies on synthesis of an evanescent auxiliary wave such that
the total fields on the metasurface have no real power compo-
nent through the surface everywhere. It is shown that evanes-
cent waves having a spatially growing and diminishing enve-
lope along the propagation direction can receive and launch
PWs, respectively. The exact power profile of this custom SW
is determined for a given desired set of illuminating (input)
and radiating (output) waves via an efficient numerical opti-
mization procedure. As a natural extension of infinite, peri-
odic metasurface designs for plane waves [51], a treatment of
beam manipulation not only provides a design recipe for trans-
forming arbitrary incident waves having a continuum of spec-
trum, but also demonstrates the versatility of metasurfaces
in wave manipulation that is achievable with passive realiza-
tions. The design produces an inhomogeneous, anisotropic
surface reactance tensor, which may be approximately real-
ized using the standard printed circuit technologies.
II. BEAM CONTROL: PERFECT RECEIVING, GUIDING,
AND LAUNCHING
Figure 1 illustrates the design problem for an impenetra-
ble metasurface under consideration. In free space, a known
beam wave illuminates a planar impenetrable surface in the
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FIG. 1. Reception, guidance, and launch of an incident beam by a
planar metasurface. The metasurface at y = 0 is impenetrable and
characterized by a position-dependent surface impedance Zs.
xz-plane. Using a passive, lossless metasurface, it desired that
the incident beam is first received and converted into an SW,
subsequently guided along the surface, before it is launched
back into space from a location that is electrically far sepa-
rated from the receiving point. The power of the desired out-
put wave is the same as that of the incident beam. Further-
more, a surface with reciprocal parameters is desired.
At the heart of the design lies perfect conversion of a PW
into an SW and a subsequent transition into lossless guiding
along the surface. Launching is a reciprocal process of re-
ceiving and a planar structure with a uniform reactive sur-
face impedance can guide an SW without loss. For such a
converter based on the generalized Snell’s law, it was found
that an SW, once generated, cannot propagate along the gradi-
ent metasurface without suffering secondary scattering by the
same metasurface back into space. This lowers the conver-
sion efficiency for electrically long converters [55], defined
for the power accepted by a homogeneous guiding metasur-
face. The conversion efficiency is significantly improved by
introducing a meta-coupler at a height over a homogeneous
surface that supports a surface wave [56]. A drawback of this
approach is an increased overall thickness. Nevertheless, the
conversion efficiency cannot reach 100% because some of the
generated SW fields still undergo secondary scattering by the
meta-coupler.
Instead of relying on the generalized reflection law, design-
ing the exact SW tailored to the incident wave can lead to a
metasurface design that is capable of perfect PW-to-SW con-
version. With respect to the chosen guided direction (the +x-
axis direction in Fig. 1), this custom SW must have a position-
dependent amplitude profile such that the amplitude grows
over the range of beam illumination due to PW-to-SW con-
version, stays constant over the guided range without leak-
age radiation, then diminishes over the range of beam launch
due to SW-to-PW conversion. Over the beam receiving range,
the PW is continuously converted into the SW, so there is no
abrupt junction between conversion and guiding ranges. The
exact profile of the SW is determined such that the PW-to-SW
conversion is done in a locally lossless manner, without loss
in or power supplied by the metasurface, everywhere on the
surface. Once the exact SW is designed, the boundary condi-
tion for the impenetrable surface is found for supporting the
3envisioned total fields as a reactive surface impedance.
In this work, the same polarization is chosen between the
input and output beams. For the surface wave, an orthog-
onal polarization is chosen as in [51, 52]. An orthogonally
polarized SW avoids creating an interference power pattern
between the PW and SW on the surface, simplifying the SW
synthesis significantly. In the following sections, beam con-
trolling metasurfaces in two-dimensional (2-D) configurations
with PWs in the TE polarization (with respect to y) and SWs
in the TM polarization are presented.
III. IMPENETRABLE SURFACE CHARACTERIZATION
Let us adopt and suppress an ejωt time convention for the
following time-harmonic analysis at an angular frequency ω.
Referring to Fig. 1, the total fields E = xˆEx + yˆEy + zˆEz ,
H = xˆHx+ yˆHy+ zˆHz in y ≥ 0 comprise a superposition of
those from the incident beam, the SW bound to the metasur-
face at y = 0, and the output beam. For an impenetrable sur-
face characterized by a surface impedance Zs, the tangential
electric and magnetic fields on the surface,Et = xˆEtx+ zˆEtz
andHt = xˆHtx + zˆHtz , are related by
Et = ZsJs = Zsnˆ×Ht, (1)
where nˆ = yˆ is the unit surface normal and Js = nˆ×Ht is the
induced electric surface current density at y = 0. The rank-2
tensor Zs may be written as a 2×2 matrix in the xy-plane.
Toward arriving at a lossless and reciprocal surface specifi-
cation, consider Zs in terms of a reactance tensor Xs written
by
Zs = jXs = j
[
Xxx Xxz
Xzx Xzz
]
, (2)
where the four reactance elements are real. Using (2) in (1),
matching both the real and imaginary parts on the two sides
uniquely determines the four tensor elements as [51]
Xs =
1
Im{HtxH∗tz}
[
Re{EtxH∗tx} Re{EtxH∗tz}
Re{EtzH∗tx} Re{EtzH∗tz}
]
. (3)
This reactance tensor represents a lossless, reciprocal surface
if the off-diagonal terms are equal to each other. This condi-
tion is equivalent to [51]
Sn = yˆ · 1
2
Re{Et ×H∗t } = 0, (4)
where Sn is the normal component of the Poynting vector on
the surface. Hence, if there is no net power penetrating the
surface at a given point either as absorption by the surface
(Sn < 0) or as power injected into y > 0 by a source on the
surface(Sn > 0), the surface is locally lossless and reciprocal.
If (4) is satisfied everywhere, the metasurface is lossless and
reciprocal globally.
The reactance tensor of a lossless surface is in general a
Hermitian tensor. Therefore, a real, symmetric tensor in (3)
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FIG. 2. Illustration of power and envelope profiles for SW synthesis.
(a) The normal component of the Poynting vector for the TE- and
TM-polarized fields. (b) The envelope design for the TM-polarized
SW component, Htz(x).
under the condition (4) is not the unique solution for a loss-
less, reciprocal surface that supports (E,H) because the off-
diagonal elements were set to have no imaginary parts by de-
sign. Still, a symmetric Xs with real-valued elements is ad-
vantageous because its eigenvalues are real and the eigenvec-
tors are orthogonal, allowing realization using an array of ro-
tated resonant meta-atoms.
IV. SYNTHESIS OF THE SURFACE WAVE
In Fig. 1, consider a 2-D configuration where the input and
output PW fields are TE-polarized and the SW field is TM-
polarized with all the fields invariant along the z-axis. Then,
Ez(x, y) and Hz(x, y) uniquely determine all remaining field
components in the xy-plane for the TE and TM polarizations,
respectively. The electromagnetic uniqueness theorem allows
the fields in the half space y ≥ 0, which is bounded by the
metasurface and subject to the radiation condition at infinity,
to be uniquely determined from those on the metasurface at
y = 0. Furthermore, the planar metasurface geometry makes
analysis and design in the spectral domain efficient via Fourier
transform. Derivations for field components and the normal
component of the Poynting vector are available in Appen-
dices A and B for TE- and TM-mode fields, respectively.
The metasurface design starts from a complete knowledge
of the incident beam and the desired output beam. For a given
input beam, we assume that the output PW fields are known
from a separate overall function design of the metasurface. In
particular, the total output power should be equal to the input
power in order to make the overall system lossless. In terms
of Etz(x) and its Fourier transform E˜tz(kx) = F{Etz(x)},
4the expression for the normal component of the time-average
Poynting vector is given in (A6), which can be written com-
pactly as
STEy (x) =
1
2kη
Re
{
E∗tz(x)F
−1
[
kyE˜tz(kx)
]}
. (5)
Typically, closed-form field expressions are approximate and
available only in the paraxial region near the beam axis, even
for commonly studied beams such as Gaussian or Bessel
beams. Hence, the primary quantities for analysis and de-
sign are z-directed field components on the metasurface in this
study.
For the TE-polarized input and output fields in a typi-
cal beam control application described in Fig. 1, the normal
power density profile is illustrated in Fig. 2(a) as a red dashed
curve. For a beam wave having a finite support, we can de-
fine the lower and upper x-limits for the input wave, xil and
xiu, such that non-negligible fields and power are observed
in x ∈ [xil, xiu]. Similarly, two x-coordinates are set to de-
fine the range where the output beam leaves the surface to be
x ∈ [xol, xou]. Over the illuminated range, STEy (x) < 0. Over
the beam launch range, STEy (x) > 0.
The objective of the SW synthesis is to design a custom
SW, specified by Htz(x) in −∞ < x < ∞, such that (4) is
satisfied for all x. Choosing an orthogonal TM polarization
for the SW makes the normal Poynting vector component of
the total fields equal to an algebraic sum of the TE and TM
polarization components, i.e.,
Sn(x) = S
TE
y (x) + S
TM
y (x). (6)
The expression for the TM-mode Poynting vector component,
shown in (B4), can be written concisely as
STMy (x) =
η
2k
Re
{
H∗tz(x)F
−1
[
kyH˜tz(kx)
]}
. (7)
In Fig. 2(a), the target power profile for the TM-polarized
SW is shown as a solid blue curve. For Htz(x), we choose
propagating function in the +x direction with a custom x-
dependent envelope. This envelope function is a real func-
tion, taking non-negative values. It is denoted by A(x) and
shown as a blue curve in Fig. 2(b). Spatially, no SW is present
to the left of the illumination range in x < xil and past the
launch range of the output PW in x > xou. Between com-
plete reception of the incident beam and initiation of the out-
put beam launch, in x ∈ (xiu, xol), the SW propagates in the
+x-direction, carrying the received power without attenuation
or growth. During reception in x ∈ [xil, xiu], the envelope
monotonically increases as power is gradually accumulated
for the SW as the input PW is converted into the SW. The re-
verse process occurs in the launch range x ∈ [xol, xou]. Hence,
we express the envelope function as
A(x) =

0, x < xil or x > xou
Ai(x), xil ≤ x ≤ xiu
A0, xiu < x < xol
Ao(x), xol ≤ x ≤ xou
, (8)
where Ai(x) is an increasing function associated with the re-
ception, Ao(x) is a decreasing function associated with the
launch, and A0 is a constant. Once A(x) is specified, the tan-
gential magnetic field component on the surface is defined as
Htz(x) = A(x)e
−jkcx, (9)
where kc is the center (or “carrier”) wavenumber of the SW
chosen in the invisible range (kc > k) so that the synthesized
TM wave propagates while bound to the metasurface. A snap-
shot ofHtz(x) (the real part) is visualized as a thin gray curve
in Fig. 2(b). It is stressed that Htz(x) in (9) is defined on
the surface (y = 0) only. In order to obtain the associated
fields that are valid (i.e., Maxwellian) in the entire volume
of existence (y ≥ 0), we express Htz(x) as a superposition
of homogeneous and inhomogeneous plane wave components
evaluated at y = 0, using Fourier expansions.
At this point, it is instructive to assess the qualitative behav-
ior of the synthesized SW in y ≥ 0. The definition of Htz(x)
with respect to the envelope A(x) in (9) relates their Fourier
transforms as
H˜tz(kx) = A˜(kx − kc). (10)
Since A(x) is a real, non-negative function of x, A˜(kx) has
the maximum at kx = 0. While a finite spatial support of
A(x) makes A˜(kx) not completely vanish at large |kx|, the
effective spectral width of A˜(kx) is inversely proportional to
the range of non-zero A(x). From (B1), the resulting H-field
component of the SW in y ≥ 0 is expressed as
Hz(x, y) =
1
2pi
∞∫
−∞
A˜(kx − kc)e−j(kxx+kyy)dkx. (11)
It can be seen that the dominant contribution to Hz(x, y)
comes from its spectrum at and around kx = kc. At kx = kc,
the integrand in (11) represents a surface wave bound to
the y = 0 surface with a positive propagation constant of
kx = kc in the x-direction and an attenuation constant of
|ky| =
√
k2c − k2 in the y-direction. Over the beam recep-
tion and launch ranges, the amplitude of the SW grows and
diminishes gradually with respect to x, respectively. In both
ranges, the SW propagates in the +x-direction and attenuates
exponentially in the +y-direction. Finally, contributions from
all other spectral ranges make the SW exist over the intended,
finite range of x.
Requiring A(x) to be a continuous function, it remains to
determine the functions, Ai(x) and Ao(x), and the constant
A0. For Ai(x), we choose a closely spaced set of Nci control
points of values An at locations x = xcn (n = −Nci,−Nci +
1, . . . ,−1). Similarly, Nco number of control points of values
An at x = xcn (n = 1, 2, . . . , Nco) are defined for Ao(x).
The constant level at A0 should make smooth connections to
the transition ranges on both sides. A continuous envelope
function is then defined using these control points (locations
and values) via interpolation. No control points are assigned
at the boundary locations of the input and output beam ranges.
In Fig. 2(b), control points are indicated by red circles. The
5number and x-locations of the control points are set appropri-
ately by the designer depending on the allowed complexity of
the synthesized SW.
Efficient numerical optimizations can determine the values
of An (n = −Nci, . . . , Nco). In this work, a square error
function defined by
error =
∞∫
−∞
|STEy (x) + STMy (x)|2dx (12)
is minimized with respect to theNci +Nco +1 number of con-
trol point values. Specifically, a gradient-free optimization
method available through the fminsearch function in Matlab
has been used for all designs presented in Sec. V. After some
adjustments to the number and locations of control points,
all optimizations converged within a convergence tolerance of
10−6 relative to the error associated with a null initial guess.
Once the optimized envelope function A(x) is determined,
using Htz(x) from (9) in (B2) at y = 0 finds Etx(x). To-
gether with Etz(x) and Htx(x) given by the TE-mode fields,
they determine the surface reactance tensor that achieves the
designed beam control via (3).
Since a spatially varying envelope function is used, the
synthesized SW has a continuum of spectrum concentrated
around kx = kc rather than a discrete spectrum. As a re-
sult, some of the spectrum will spill into the visible region
(|kx| < k). This means that satisfaction of (4) for all x, or
equivalently the resulting passive, lossless metasurface, nec-
essarily entails excitation of extra PW components in order to
to perform the required beam manipulation. The amount of
TM-polarized PW components can be assessed by evaluating
the total TM-mode power per unit length in the z-axis direc-
tion that escapes the metasurface. This power, denoted P TMy ,
is found to have a spectral integral representation given by
P TMy =
∞∫
−∞
STMy (x)dx =
∞∫
−∞
Re
{
ηky
4pik
|H˜tz(kx)|2
}
dkx.
(13)
It can be seen that non-zero TM-mode spectrum in the visible
region leads to some TM-mode power that is not bound to the
metasurface. In principle, this amount of TM-polarized PW
components can be reduced to approach zero by increasing kc
deep into the invisible range. However, this results in faster
spatial variations for the surface impedance tensor elements,
making an accurate realization more challenging.
V. DESIGN EXAMPLES
In the following examples, a metasurface design is charac-
terized as a tensor surface impedance Zs(x), given in terms
of the reactance tensor elements in (2). In numerical valida-
tions using COMSOL Multiphysics, the impedance boundary
condition (1) is enforced at y = 0.
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FIG. 3. A GB translator-reflector design. (a) The design requirement.
A normally incident GB is routed by the metasurface before it is
launched normally. Beam axes are indicated by gray dashed lines.
The designed Xs elements (b) over an SW-to-PW conversion range
and (c) over a guided SW propagation range.
A. Gaussian beam translator-reflector
As a first design example, a translator-reflector for receiv-
ing and launching a Gaussian beam (GB) propagating normal
to the metasurface is presented. The specific design function
is illustrated in Fig. 3(a). A 2-D GB propagating in the −y-
axis direction illuminates the metasurface with the beam axis
aimed at x = −10λ, where λ is the free-space wavelength.
The output beam is a GB of the same beam specification that
is launched normally into free space from x = 10λ, after be-
ing translated in the +x-axis direction. The tangent vector of
the input electric field on the surface is specified by
Eit(x) = E
i
0e
−(x+10λ)2/2σ2 ; Ei0 = zˆ V/m, σ = 2λ. (14)
Equation (14) completely specifies the incident fields in y ≥
0. The minimum waist of the input beam is equal to
√
2σ =
2
√
2λ and it is located in the xz-plane. The tangential vector
6of the output beam is specified to be
Eot(x) = E
o
0e
−(x−10λ)2/2σ2 , Eo0 = zˆ V/m. (15)
The same amplitude vector and beam waist guarantee that the
output power per unit length in z is equal to that of the input
beam.
For each beam, we treat the decayed fields at positions away
from the beam axis by more than 3σ, where the field am-
plitude reduces to 1.1% of the peak value, as zero and thus
choose xil = −16λ, xiu = −4λ, xol = 4λ, and xou = 16λ.
Next, the center wavenumber is chosen to be kc = 2k. Due
to the symmetry of the problem, an even symmetry for A(x)
is enforced with respect to x. A total of 17 independent con-
trol points, An (n = −16,−15, . . . ,−1) in x ∈ [xil, xiu] and
A0 at x = 0, are assigned. An equal spacing was chosen be-
tween the 16 points, xn (n = −16,−15, . . . ,−1). Numerical
optimization was performed for the 17 control point values.
In fact, the power profiles and envelope function shown in
Fig. 2 display the optimization results of this design drawn to
scale. As can be observed in Fig. 2(a), STEy and S
TM
y effec-
tively cancel each other. For the optimized envelope, it was
found that A0 = 16.5 mA/m and other values scale according
to Fig. 2(b).
The elements ofXs of the optimized design were computed
over −20λ < x < 20λ. Figure 3(b) shows its four elements
in 9λ < x < 11λ, where SW-to-PW conversion occurs. They
are highly spatially dispersive functions. The values diverge
four times over one wavelength, where the denominator in (3)
becomes zero. The spatial frequency of diverging reactance
elements is a result of the choice kc combined with the uni-
form phase of Htx associated with broadside launching. As
expected for a lossless design, it is observed that Xxz = Xzx.
In comparison, the x-range near the origin corresponds to
guidance of a TM wave in the absence of any TE compo-
nents. The reactance elements over−λ < x < λ are plotted in
Fig. 3(c). Here, with only a TM-mode SW present, it is noted
thatHtx = 0, Etz = 0, and Re{EtxH∗tz} = 0 in (3). A tensor
impedance representation is not appropriate in such a case. In
numerical evaluation, (3) may be understood as a limiting case
where TE-polarized components approach zero. Still, some
numerical artifact is observed in that Xxz 6= Xzx in Fig. 3(c).
Since there are no TE-polarized components in this range,
only the terms Xxx and Xzx are significant. Since Xzx = 0,
no z-directed (TE-polarized) electric field will be generated
from an x-directed electric current. A constant inductive self-
reactance at Xxx = 1.73η is consistent with a TM-mode sur-
face wave having a propagation constant of kc = 2k. In the
guided TM-polarized SW range, the tensor surface impedance
may well be replaced by an isotropic reactive impedance
Zs = ItjXxx (It = an identity tensor in the xy-plane). This
isotropic choice of Zs over the constant-amplitude SW range,
xiu < x < xol, was also tested in numerical analysis. The
resulting field distributions (not shown) are found to be the
same as the case where the fully-anisotropic impedance was
used.
The scattering characteristics of the metasurface is simu-
lated using COMSOL Multiphysics. Illuminated by the GB
the metasurface was designed for, Fig. 4(a) plots a snapshot
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FIG. 4. Simulated performance of the GB translator-reflector meta-
surface. (a) A snapshot of Ez(x, y). (b) A snapshot of Hz(x, y). (c)
|H˜tz(kx)|.
of Ez over an area of |x| < 20λ, 0 < y < 16λ. Over the
illuminated range by the input GB, no reflection is seen with
only the incident beam field being observed. In the output GB
launch range, the desired GB with the same strength and beam
waist is radiated. A snapshot of Hz is shown in Fig. 4(b).
Non-zero fields are observed tightly bound to the y = 0 sur-
face. In the inset on the right, a magnified view of the Hz
snapshot is shown over 8λ < x < 12λ in the SW-to-PW con-
version range. A surface wave with a diminishing amplitude is
induced as designed. Over the guided SW range shown in the
inset on the left, a TM-polarized SW of a constant amplitude is
clearly visible. Over the input beam reception range (a mag-
nified view not shown), the amplitude of the SW gradually
grows. In Fig. 4(c), the magnitude of the SW field spectrum
is plotted with respect to kx in both the visible (|kx| ≤ k) and
invisible (|kx| > k) ranges. The spectrum is strongly concen-
trated around the maximum at kx = kc = 2k. The shape of
the SW spectrum is completely determined by the envelope
function because H˜tz(kx) = F{A(x)e−jkcx} = A˜(kx− kc).
Computed using (13), the power associated with the TM-
polarized PW component from the visible range is six orders
of magnitude below that of the input GB power. Hence, the
synthesized TM-polarized SW can be considered completely
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FIG. 5. Design of an oblique GB launcher. (a) An underlying con-
figuration of a beam launcher fed by an input beam. (b) The envelop
functionA(x) and the control points for ψ0 = 30°. (c) The reactance
tensor elements in the launch range.
bound to the reflecting surface.
B. Probe current-fed Gaussian beam launcher
A uniform-amplitude SW can be generated by a localized
source. Via reciprocity, an SW can be absorbed by a localized
lossy material or load impedance. When combined with the
PW-to-SW conversion, such a device represents a leaky-wave
antenna that transmits or receives a beam wave.
Here, a GB launcher in an oblique angle is designed. For
this purpose, the GB translator-reflector of Sec. V A can be
adapted to design an oblique GB launcher excited by an in-
put beam, before the SW feeding mechanism is replaced with
a localized current probe. The underlying GB launcher con-
figuration is illustrated in Fig. 5(a). The input beam remains
unchanged from the translator-reflector design in Sec. V A.
The output beam shape remains the same, but it is launched at
an angle of ψ0 from the surface normal from x = 10λ. The
output beam can be first characterized in a rotated (u, v, w)
coordinate system with respect to z = w such that the v-axis
is aligned with the output beam axis. Along the u-axis, the
output GB is completely characterized by the w-component
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FIG. 6. Simulation results for the oblique GB launcher. (a) A snap-
shot of Ez(x, y). (b) A snapshot of Hz(x, y).
of the electric field
Eot(u) = E
o
0e
−u2/2σ2 , Eo0 = wˆ V/m. (16)
Then, the output beam fields in the entire uv-plane can be
obtained by applying the relations in Appendix A in the uv-
plane. A special care should be exercised so that the fields in
the range v < 0 represent a propagating wave with kv > 0.
This can be done by taking a complex conjugate of the fields
from Appendix A, corresponding to a time-reversal transfor-
mation. Fields evaluated along the x-axis in the uv-plane can
be transformed to the xyz system by a proper coordinate ro-
tation, before they can be used for the device design in the
xy-plane.
For a 30° GB launcher (ψ0 = 30°), the x-range of nu-
merical synthesis of the envelope function was set with xil =
−16λ, xiu = −4λ, xol = 3.75λ, and xou = 16.25λ. For
the output beam, the range was slightly extended to account
for the oblique launch angle. In each of x ∈ [xil, xiu] and
x ∈ [xol, xou], 15 equally-spaced control points were assigned.
Hence, together with A0 assigned to x = 0, a total of 31 con-
trol points were defined for A(x) and they were optimized for
the minimum square error (12). The center wavenumber was
chosen to be kc = 2k. The optimized envelope function to-
gether with the control points are plotted in Fig. 5(b). The am-
plitude of the guided SW was found to be A0 = 16.5 mA/m,
which remains unchanged from the translator-reflector design
in Sec. V A as can be expected. In Fig. 5(c), the reactance
tensor elements over 9λ < x < 11λ in the oblique GB launch
range are plotted. They are different from Fig. 3(b) and they
diverge less frequently with respect to x. This is due to dif-
ferent phase gradients present in Htx in (3) for the same SW
expected in the two designs. Indicative of a lossless property,
Xxz = Xzx is observed.
Since launching the output GB using a localized source
is of interest, we adopt a localized source in the form of a
two-element array around x = 0. In other words, the +x-
8propagating constant-amplitude SW near x = 0 is provided
by a current probe instead of an input GB. Two elementary
radiators separated by a quarter wavelength with a 90° phase
difference can create a unidirectional radiation pattern [57].
Hence, denoting the attenuation constant of the SW around
x = 0 by αc, we use an impressed electric current source
given by
Jimp = yˆJ0e
−αcy
[
δ
(
x+
λc
8
)
ej
pi
4 + δ
(
x− λc
8
)
e−j
pi
4
]
(17)
in 0 ≤ y ≤ λc/4 and zero in y > λc/4, where λc = 2pi/kc
is the guided wavelength of the SW. This model represents
two strips of vertical electric current of a λc/4 height. Their
y-dependence is matched to that of the TM SW for maximum
coupling. In simulation results that follow, J0 = 1 A/m has
been used.
Snapshots of the z-component of the total electric and mag-
netic fields are plotted in Fig. 6. In Fig. 6(a), a GB is launched
from x = 10λ at an angle of 30° as desired. In the snapshot
of Hz in Fig. 6(b), the TM-mode wave is visible only as an
evanescent wave bound to the surface. The left inset shows a
magnified view near the two-element current source at x = 0.
The two short line segments in black indicate the source po-
sitions and their height. A constructive interference between
the fields generated by the two strip currents produces a +x-
propagating SW with a maximum amplitude of 1 A/m (real-
ized on the surface) as designed. A destructive interference
results in negligible excitation of an SW toward the −x-axis
direction. The inset on the right shows a portion of the SW-to-
PW conversion range. The SW amplitude is gradually reduced
with increasing x due to continuous leakage into space.
C. Gaussian beam-excited focusing lens
In order to demonstrate the versatility of the design tech-
nique, a focusing lens excited by the same normally incident
GB considered in Sec. V A is designed. The desired wave
transformation is illustrated in Fig. 7(a). A normally incident
GB is converted into a TM-polarized SW in x < 0. The con-
verted SW is transformed into a converging cylindrical wave
in the range xol < x < xou, where an envelop function e(x)
for |Etz(x)| is introduced. On both ends within the range,
a transition period of a length Dtr in a raised cosine profile
is defined for a smooth transition between unity and zero, as
illustrated in Fig. 7(a). Specifically,
e(x) =

0, x < xol or x ≥ xou
[1− cos(x−xolDtr/pi )]/2, xol ≤ x < xol +Dtr
1, xol +Dtr ≤ x < xou −Dtr
[1− cos(x−xouDtr/pi )]/2, xou −Dtr ≤ x < xou
.
(18)
In order for the launched cylindrical wave to converge at a
focal point (xf, yf), a phase distribution for Etz is introduced
as
φ(x) = k
√
(x− xf)2 + y2f + φ0, (19)
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FIG. 7. A flat lens excited by an input GB. (a) The GB-to-SW-
to-converging wave transformation configuration. (b) The envelope
function A(x) and the 38 control points of the optimized design. (c)
The reactance tensor elements in the cylindrical wave launch range.
where φ0 is an arbitrary phase constant. Then, the tangential
electric field for the output wave is defined to be
Eot(x) = E
o
0e(x)e
jφ(x), Eo0 = zˆE
o
0. (20)
The amplitude Eo0 is determined to make the overall conver-
sion from the input GB to the output focusing wave lossless.
For the TE-polarized GB input wave considered in
Sec. V A, a focusing lens with a focal point at (xf, yf) =
(12λ, 10λ) is designed using an SW-to-PW conversion range
with xol = 5λ, xou = 19λ. With a choice of Dtr = 2λ,
the x-range of a constant-amplitude electric field for the out-
put wave is 7λ < x < 17λ. The phase constant φ0 is set
to zero. For this chosen profile of Eot(x), by setting the out-
put PW power equal to the input GB power, the amplitude is
found to be Eo0 = 0.569 V/m. Next, Nci = 15 control points
are defined for the input range −16λ < x < −4λ, four con-
trol points are assigned to both transition ranges in the output
range. To the constant-amplitude range of 10λ length, 14 con-
trol points are assigned. The total number of control points is
38 for this lens design. The envelop function A(x) of the op-
timized design is shown in Fig. 7(b) together with the control
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FIG. 8. Simulation results for the flat focusing lens excited by GB il-
lumination. (a) A snapshot of Ez(x, y). (b) A snapshot of Hz(x, y).
points indicated by red circles. In 7λ < x < 17λ, where a
TE-polarized aperture electric field of a uniform magnitude is
synthesized, it is observed that A(x) diminishes with an in-
creasingly negative slope with respect to x as the SW power
is continuously lost to the output PW. The four reactance el-
ement values of the optimized design over 11λ < x < 13λ
in the SW-to-PW conversion range are shown in Fig. 7(c) as
highly spatially dispersive functions. The lossless nature of
the metasurface lens is indicated by the fact Xxz = Xzx.
Figure 8 shows the simulated results for the lens ob-
tained using COMSOL Multiphysics. A snapshot of the TE-
component of the electric field is plotted in Fig. 8(a). Con-
verging cylindrical waves form a focal point at (x, y) =
(xf, yf) = (12λ, 10λ) as designed. A snapshot of Hz(x, y)
in Fig. 8(b) shows the TM-polarized field, which is tightly
bound to the metasurface. In a magnified view in the range
15λ < x < 19λ, the SW wave is seen to be diminishing and
disappearing as all of its guided power along the +x-direction
is leaked into the PW spectrum.
VI. CONCLUSION
Arbitrary polarization-preserving beam control using pas-
sive, lossless impenetrable metasurfaces has been presented.
It is based on a custom SW in an orthogonal polarization de-
signed to propagate along the surface. By finding an opti-
mal spatial envelope for the SW such that there is zero normal
component for the Poynting vector everywhere on the surface,
a lossless metasurface can convert a PW into an SW, guide
the SW unattenuated along the surface, and launch a PW via
an SW-to-PW transformation. As specific design examples, a
GB translator-reflector, a GB launcher excited by a localized
source, and a GB-fed flat focusing lens have been presented.
Lossless metasurfaces characterized by a reactance tensor in a
plane may be realized using an array of rotated subwavelength
resonators printed on a grounded dielectric substrate.
Availability of an orthogonal polarization for SW synthe-
sis simplifies the design process owing to the orthogonality of
power flow in the surface normal direction between the PW
and SW on the metasurface. The same design approach can
be envisioned for polarization-converting transformations be-
tween the input and output beams or for using an SW that
is co-polarized with the input and output beams. SW syn-
thesis in such a scenario is expected to be challenging due
to the complex interference power pattern created by the co-
polarized PW and SW components in the system.
At microwave frequencies, a planar array of rotated
anisotropic printed conductor patch resonators on a grounded
dielectric substrate is a promising configuration [28, 58–60]
that allows accurate, low-cost fabrication for realizing the in-
homogeneous, tensor surface impedances in this study.
Appendix A: Spectral representations of fields and power
density in TE polarization
For TE-polarized fields, the tangential electric field on the
surface, Etz(x) = Ez(x, y = 0), is expressed as an inverse
Fourier transform of its spectrum E˜tz(kx) as
Etz(x) = F
−1[E˜tz(kx)] =
1
2pi
∞∫
−∞
E˜tz(kx)e
−jkxxdkx,
(A1)
where kx is the wavenumber in the x-direction. Here, we add
a tilde to a spatial function to indicate its Fourier transform in
x. Equation (A1) represents a superposition of plane waves
propagating in the xy-plane over the x-wavenumber kx, eval-
uated at y = 0. Hence, at any point (x, y) in y ≥ 0, the field
Ez(x, y) is the same superposition of plane waves evaluated
at (x, y) after a proper phase delay in the y direction is in-
corporated to each plane wave component in the integrand of
(A1). In other words,
Ez(x, y) =
1
2pi
∞∫
−∞
E˜tz(kx)e
−j(kxx+kyy)dkx, (A2)
where
ky =
{√
k2 − k2x, |kx| ≤ k
−j√k2x − k2, |kx| > k (A3)
and k is the free-space wavenumber. At an observation point
(x, y), (A2) represents a superposition of propagating and
evanescent plane waves. In (A3), a choice of the negative
branch for the square root for |kx| > k guarantees an expo-
nential decay toward y → ∞ for each inhomogeneous plane
wave component. The associated magnetic field components
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in y ≥ 0 are obtained from Maxwell’s curl equations as
Hx(x, y) =
1
2pi
∞∫
−∞
ky
kη
E˜tz(kx)e
−j(kxx+kyy)dkx, (A4)
Hy(x, y) = − 1
2pi
∞∫
−∞
kx
kη
E˜tz(kx)e
−j(kxx+kyy)dkx,(A5)
where η is the free-space intrinsic impedance.
The normal component of the time-average Poynting vector
is the key quantity in the design process. Using Htx(x) =
Hx(x, y = 0) from (A4), the y-component of the TE-mode
Poynting vector is expressed as
STEy (x) =
1
2
Re{EtzH∗tx} =
1
2
Re{E∗tzHtx}
=
1
2
Re
E∗tz(x) 12pi
∞∫
−∞
ky
kη
E˜tz(kx)e
−jkxxdkx
 .
(A6)
For a given profile Etz(x), evaluation of (A6) involves two
one-dimensional integrals, of which numerical evaluation can
be performed efficiently.
Appendix B: Spectral representations of fields and power
density in TM polarization
Expressions of field components and the normal Poynting
vector component in the spectral domain in terms ofHtz(x) =
Hz(x, y = 0) are derived following the same procedure as in
Appendix A. Here, only the final results are summarized.
In y ≥ 0, the three TM-mode field components, Hz , Ex,
and Ey , are expressed as a superposition of plane waves as
Hz(x, y) =
1
2pi
∞∫
−∞
H˜tz(kx)e
−j(kxx+kyy)dkx, (B1)
Ex(x, y) = − 1
2pi
∞∫
−∞
ηky
k
H˜tz(kx)e
−j(kxx+kyy)dkx,(B2)
Ey(x, y) =
1
2pi
∞∫
−∞
ηkx
k
H˜tz(kx)e
−j(kxx+kyy)dkx, (B3)
where a tilde notation has been used to indicate the Fourier
transform of Htz(x). The expression for the y-component of
the TM-mode Poynting vector is found to be
STMy (x) =
1
2
Re
H∗tz(x) 12pi
∞∫
−∞
ηky
k
H˜tz(kx)e
−jkxxdkx
 .
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